The aim of this study was to determine whether Streptococcus sanguis, when in a biofilm, could be killed using a light-activated antimicrobial agent. BiofUms were grown on hydroxyapatite, irradiated with up to 12.2 J of light from a gallium aluminium arsenide laser in the presence of aluminium disulphonated phthalocyanine (AlPcSj) and survivors enumerated. No significant decrease in the viable count was found when either the AlPcS 2 or the laser light was used alone. There was a light dose related decrease in the viable counts of irradiated AJPcS r treated biofims. No viable streptococci were detectable following irradiation with 12.2 J of laser light.
Introduction
The most prevalent infectious diseases of man, i.e. caries and periodontitis, result from the formation of biofilms of oral bacteria on tooth surfaces above (caries) or below (periodontitis) the gingival margin. Treatment of these diseases involves the mechanical removal of the biofilms. During the last decade increasing interest has been shown in the possibility of replacing, or supplementing, mechanical therapeutic measures with antiseptics or antibiotics. However, the widespread use of such agents to treat so prevalent a group of chronic diseases is of concern as it may result in development of resistance in the target organisms. Photodynamic therapy (PDT), which involves the use of light-activated drugs, may offer an alternative approach to the use of traditional antimicrobial agents in the treatment of such diseases (Wilson, 1993) . PDT of an infectious disease involves treating the causative organism with a photosensitiser which, on irradiation with light of a suitable wavelength, generates singlet oxygen and free radicals which can kill the organism. We have shown that lethal photosensitisation of the causative organisms of both caries and periodontitis is possible when they are in aqueous suspensions (Wilson, 1993) . However, it is well known that bacteria in biofilms may be considerably less susceptible to antimicrobial agents than their planktonic counterparts (Brown, Allison & Gilbert, 1988) . The purpose of this study was to investigate quantitatively the lethal photosensitisation of one of the predominant organisms in dental plaque, Streptococcus sanguis, when it is grown as a biofilm under conditions similar to those existing in the oral cavity, using hydroxyapatite as the substratum and an artificial saliva as the nutrient source.
Materials and methods

Production of biofilms
A constant-depth film fermentor (CDFF) was used to grow biofilms of S. sanguis NCTC 10904 on hydroxyapatite discs in a similar manner to that described previously (Wilson el al., 1995) . The CDFF consists of a glass vessel with stainless steel end-plates, the top one of which has ports for the entry of medium and gas and for sampling, while the bottom end-plate has a medium outlet (Wimpenny, Peters & Scourfield, 1989) . The vessel houses a stainless steel disc containing 15 polytetrafluoroethylene (PTFE) sampling pans and this rotates under a PTFE scraper bar which smears the incoming medium over the 15 pans and maintains the biofilms at a constant depth. Each sampling pan has five cylindrical holes into which the hydroxyapatite discs on which the biofilms form can be placed with their upper surfaces recessed to a pre-determined depth below the surface of the steel disc. The sampling pans can be removed aseptically during the course of an experiment.
For each run, 75 hydroxyapatite discs (5 mm diameter: Bio-Interfaces Inc, San Diego, USA) were immersed in sterile mucin-containing artificial saliva (Wilson et al., 1995) for 1 min and then transferred on to the PTFE plugs in the sampling pans of the CDFF and recessed to a depth of 300 /im. The pans were adjusted so that their upper surfaces were flush with the surface of the disc. An air filter was connected to the gas inlet port. The CDFF was then autoclaved at 121°C for 30 min. 10 mL of a 24 h culture of 5. sanguis in nutrient broth (Oxoid Ltd, Basingstoke) was inoculated into 2.0 L of the artificial saliva (pH 6.9) which was recycled through the CDFF housed in an incubator at 37°C. After 24 h, the inoculating flask was disconnected and the CDFF was connected to a reservoir of sterile artificial saliva which was delivered at a rate of 0.8 L per day (the mean salivary flow rate in man) using a peristaltic pump.
Following inoculation of the CDFF, pans were removed daily and the hydroxyapatite discs on which the biofilms formed were gently removed and vortex-mixed for 60 sec in 10 mL of phosphate-buffered saline (PBS). Serial dilutions were prepared in tryptone soya broth and 20 piL aliquots of each dilution plated onto tryptone soya agar in quadruplicate. The plates were incubated anaerobically for 48 h and the colonies counted.
Lethal photosensitisation of biofilms
A gallium aluminium arsenide (GaAlAs) diode laser (Omega Universal Technologies, London) was used with a power output of 11 mW which emitted light with a beam diameter of 9 mm at a wavelength of 660 nm in a pulsed mode with a frequency of 20 kHz. This was used in conjunction with the photosensitiser aluminium disulphonated phthalocyanine (AlPcS 2 ) which has an absorption maximum at 675 nm (kindly supplied by Prof. D. Phillips, Dept. of Chemistry, Imperial College of Science, Technology and Medicine, London). Once the biofilms had reached a steady state (after 4 days), pans were removed and the susceptibility of the streptococci in the biofilms to killing by laser light was determined. 8.0 nL of AlPcS 2 (100 mg/L in 0.85% w/v NaCl) was added to each of two biofilms which were then exposed to 0.8 J of light (energy density = 4.1 J/cm 2 ) from the GaAlAs laser. The discs were then vortexed to remove the biofilms and the survivors enumerated by viable counting as described above. Additional biofilms were treated with 8.0 /iL of AlPcS 2 but were not exposed to laser light or were treated with 8.0/iL of 0.85% w/v NaCl and exposed to light from the GaAlAs laser. The experiments were repeated with increasing light doses up to 12.2 J (energy density = 61.2 J/cnr).
Results
The viable count of S. sanguis in the biofilms reached a maximum value after approximately 3 days and this amounted to 1.03 + 0.21 x 10'cfu giving a cell density of 5.26 ± 1.07 x 10 7 cfu/cm 2 . In the absence of AlPcS 2 , exposure of 4-day old biofilms of 5. sanguis to 12.2 J of light from the GaAlAs laser did not lead to any significant decrease in the viable count. In the absence of laser light, AlPcS 2 had no significant effect on the viability of the organism (Figure 1) . However, exposure of AlPcS 2 -treated biofilms to light from the GaAlAs laser resulted in significant decreases in the viable count of the streptococci (Figure 1 ). As can be seen from Figure 2 , the decrease in viable count was light-energy dose-related {r = -0.98, P < 0.001). No viable streptococci were detectable following irradiation of AlPcS 2 -treated biofilms with 12.2 J (energy density = 61.2 J/cm 2 ) of GaAlAs laser light.
Discussion
We have shown previously that aqueous suspensions of a number of oral bacteria associated with caries and periodontitis, as well as methicillin-resistant Staphylococcus aureus, can be killed by low-power laser light in the presence of a photosensitising agent Figure 2 . Effect of light energy dose on the number of streptococci surviving in AlPcS2-treated bionlms. X = viable count was below the detection limit. The horizontal broken line denotes the limit of detection of the viable counting technique employed. (Wilson, 1993; Wilson & Pratten, 1994) . However, as the causative agents of both caries and periodontitis are in the form of bionlms on the tooth surfaces this renders them less susceptible to antimicrobial agents. Using a simple biofilm model, the bacteria growing as a lawn on membrane niters on the surface of agar plates, we have also shown that bacteria in bionlms can be killed using several light-activated compounds, although the numbers killed were not determined (Dobson & Wilson, 1992) . The biofilms produced using this simple approach had been grown under conditions very different from those which would exist in the oral cavity. Firstly, the organisms were grown on a nutrient-rich, blood-containing medium as opposed to saliva which does not have a high nutrient content. Secondly, the organisms were formed at a solid/air interface rather than the solid/liquid film interface provided by teeth in vivo. Thirdly, the biofilms were not exposed to mechanical sheering forces as they would be in vivo. In the present study, bionlms of S. sanguis were grown on mucin-coated hydroxyapatite to simulate glycoprotein-coated tooth surfaces and in a medium similar in composition to that of saliva, and they were subjected to mechanical sheering forces as they would be in vivo. Irradiation of such biofilms in the presence of the light-activatable compound, AlPcS 2 , resulted in substantial reductions in the viability of the constituent organisms. Indeed, viable bacteria could not be detected in the biofilms following irradiation with the higher light energy doses employed and this represented approximately a 5 logio reduction in the viable count of the streptococci in the biofilms. The results of this study, therefore, have shown that 5. sanguis, when grown as biofilms under conditions resembling those which would be encountered in vivo, can be killed using a light-activated antimicrobial agent. We are currently determining the susceptibility of biofilms of other plaque bacteria to lethal photosensitisation. If effective against cariogenic and periodontopathogenic bacteria in vivo, the technique may be useful in the treatment of plaque-related diseases.
